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Activation of the complement cascade and subse-
quent assembly of the membrane attack complex
(MAC) occur in a number of patbopbysiological
settings. When formed on the surface of endothe-
lial cells in sublytic concentrations, the MAC can
induce a number of proinflammatory activities,
including the secretion of soluble mediators (eg,
interleukin (IL)-8 and monocyte chemoattractant
protein (MCP)-1) and the up-regulation of cell
surface adbesion molecules. Available data indi-
cate that MAC-induced cell activation may occur
tbrough several complex signal transduction
patbways, but little is known about the intranu-
clear mechanisms by which complement-derived
products promote the up-regulation of inflam-
matory mediators. Using purified distal comple-
ment proteins (C5-9) to assemble functional MAC
on early-passage buman umbilical vein endotbe-
lial cells (HUVECs), we examined mechanisms of
MCP-1 and IL-8 induction. Formation of sublytic
concentrations of MAC promoted an increase in
nuclear factor (NF)-«B DNA binding activity
within 60 minutes as determined by serial elec-
tropboretic mobility shift assay. Cytosolic to nu-
clear translocation of NF-kB was confirmed by
Western immunoblot and immunocytochemical
analyses. Formation of the C5b-8 complex also
promoted NF-kB translocation but to a lesser de-

gree than observed in HUVECs containing com-
plete MAC. No cytosolic to nuclear translocation
of the p65 NF-kB subunit was observed in un-
stimulated HUVECS or in cells incubated with the
MAC components devoid of C7. Preincubation of
HUVECs with pyrrolidine ditbiocarbamate pre-
vented MAC-induced increases in IL-8 and MCP-1
mRNA concentrations and protein secretion. A
direct cause and effect linkage between MAC as-
sembly and NF-kB activation was established
through examination of the pbarmacological ef-
JSect of the peptide SN50 on IL-8 and MCP-1 ex-
pression. SN50 is a recently engineered 26-ami-
no-acid peptide that contains a lipopbilic cell-
membrane-permeable motif and a nuclear
localization sequence that specifically competes
with the nuclear localization sequence of the
NF-kB p50 subunit. This study provides direct in
vitro evidence that the distal complement system
(MAC) can promote proinflammatory endotbe-
lial cell activation, specifically, increases in IL-8
and MCP-1 mRNA concentrations and protein se-
cretion, and that cytosolic to nuclear transloca-
tion of NF-kB is necessary for this response.
(Am J Patbol 1997, 150:2019-2031)

A large body of evidence suggests that both soluble
and cell surface mediators coordinately regulate the
events that characterize the acute inflammatory re-
sponse." Activation of the complement system can
modulate leukocyte and endothelial cell functions
through the actions of the anaphylatoxins, C3b and
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its derivatives, and the heteropolymeric membrane
attack complex (MAC) and related complexes (eg,
C5b-7 and C5b-8).23 Assembly of the MAC on some
cell surfaces can result in a number of proinflamma-
tory actions. Nucleated cells exhibit membrane-as-
sociated mechanisms that protect them from lysis by
the C5b-9 complex.®* Injury or death of nucleated
cells occur when there is a high density of pores
formed by MAC, whereas lower densities of cell sur-
face MAC may induce changes in cellular activity.®
Assembly of MAC in sublytic concentrations can
modulate cell function in a variety of ways, including
through alteration of the expression of cellular adhe-
sion molecules and through up-regulation of the se-
cretion of proinflammatory mediators such as tumor
necrosis factor (TNF)-a, interleukin (IL)-1, basic fi-
broblast growth factor, and platelet-derived growth
factor.5~" Using purified C5-C9, we recently reported
that assembly of sublytic densities of functional MAC
on endothelial cells results in the up-regulation and
secretion of the neutrophil and monocyte chemotac-
tic cytokines IL-8 and monocyte chemoattractant
protein (MCP)-1, respectively.® Furthermore, Torzew-
ski et al® have reported that MCP-1 is also released
by smooth muscle cells, suggesting that the proin-
flammatory actions of the MAC are not limited to
endothelial cells.

The mechanisms by which assembly of the MAC
promotes increased expression of these proinflam-
matory mediators have yet to be fully ascertained.
Assembly of the MAC (and C5b-7 and C5b-8) has
been associated with a number of signal transduc-
tion events. For example, MAC formation on endo-
thelial cell membranes results in a rapid increase in
intracellular cyclic AMP concentration, suggesting
that the MAC may interact directly with pertussis-
toxin-sensitive G proteins.'® Intracellular calcium,
derived from both intracellular and extracellular
stores, increases after MAC deposition.”" A rise in
intracellular calcium concentration allows cell activa-
tion via Ca®*-sensitive proteins or through direct
activation of various protein kinases.? Finally, MAC
deposition is associated with the appearance of
phosphatidylcholine breakdown products and the
activation of protein kinase C.12

Although it is apparent that the MAC may modu-
late cell function through several signal transduction
pathways, the mechanisms through which it medi-
ates IL-8 and MCP-1 production by endothelial cells
remain to be established. A large body of evidence
suggests that nuclear factor (NF)-«xB (and other
members of the Rel family) plays a key role in the
inflammatory response through its capacity to mod-
ulate the production of proinflammatory cytokines

and the up-regulation of adhesion molecule expres-
sion.’®'* Among genes that encode proinflamma-
tory mediators and contain promoter elements that
are regulated by members of the NF-«kB family of
transcription factors are E-selectin, intercellular ad-
hesion molecule (ICAM)-1, vascular cell adhesion
molecule (VCAM)-1, IL-6, IL-8, and MCP-1.'5"7
NF-k B, a transcription factor associated with rapid
activation responses, is composed of two subunits,
p50 and p65."® Within inactive cells, the p50 and
P65 subunits are bound within the cytoplasm to the
inhibitor protein, |kB-a."%2° When the cell is appro-
priately stimulated, IkB-a is phosphorylated, ubiquiti-
nated, and proteolytically degraded, thus allowing
the liberation of NF-«B and its translocation from the
cytosol to the nucleus, where it binds to specific
promoter elements and activates target genes.?"

We examined the role of NF-«B activation in MAC-
induced endothelial activation, specifically, the up-
regulation of IL-8 and MCP-1 mRNA concentrations
and protein secretion. Assembly of sublytic concen-
trations of functional MAC resulted in the transloca-
tion of NF-kB from the cytosol to the nucleus. These
responses were inhibited in the presence of pyrroli-
dine dithiocarbamate (PDTC) and SN50, which have
previously been shown to inhibit NF-xB-dependent
cell activation. Recent reports suggest that PDTC
may interrupt NF-«B-activated translocation by pre-
venting inducible phosphorylation of |kB-a.22-23 Inhi-
bition of IL-8 and MCP-1 production with SN50, a
26-amino-acid peptide that contains a lipophilic cell-
membrane-permeable motif and a nuclear localiza-
tion sequence that specifically competes with the
nuclear localization sequence of the NF-«xB p50 sub-
unit,®* strongly supports the conclusion that MAC
may serve to activate proinflammatory mediator
genes (IL-8 and MCP-1) through the activation and
translocation of NF-kB. The data contained in the
present study suggest that NF-«B translocation/acti-
vation is necessary for MAC-induced IL-8 and
MCP-1 secretion by human umbilical vein endothe-
lial cells (HUVECs). It remains unclear whether
NF-kB activation/translocation is sufficient.

Materials and Methods

Reagents

Purified complement proteins (C5-C9) were pur-
chased from Quidel (San Diego, CA). Lipopolysac-
charide (LPS) concentrations in purified complement
protein stock solutions were assayed with the E-
Toxate (Limulus amoebocyte lysate) assay (Sigma
Chemical Co., St. Louis, MO; catalog item 210-A1).



Peptide-specific rabbit antiserum (product SC-372)
to NF-kB p65 was purchased from Santa Cruz Bio-
technology (Santa Cruz, CA). Additional chemicals
and reagents, unless otherwise indicated, were pur-
chased from Sigma.

Endothelial Cell Culture

HUVECs were isolated from umbilical veins by treat-
ing with 0.1% collagenase in Dulbecco’s modified
Eagle’'s medium (Whittaker Bioproducts, Walkers-
ville, MD) as previously described.?® Cells were
grown and maintained in M199 medium (Whittaker
Bioproducts), supplemented with 20% heat-inacti-
vated fetal calf serum, L-glutamine (4 mmol/L), pen-
icillin (100 U/ml), streptomycin (100 ug/ml), endothe-
lial growth supplement (25 ug/ml; Collaborative
Research, Bedford, MA), and bovine lung heparin
(15 U/ml). Cells were grown on gelatin-coated 150 X
25 mm plates and allowed to grow to confluence at
37° with 5% CO, before harvesting for extract prep-
aration. Cells were characterized as previously de-
scribed and used between the first and third pas-
sages.®

Non-Enzymatic Formation of C5b-Like
C5C6 Complex (C5C6%)

Purified proteins C5 and C6 were suspended in
serum-free HUVEC medium. Formation of the C5b-
like activation product was accomplished by oxi-
dation with chloramine-T as described previous-
ly.26-28 Briefly, C5 (10 ng) was added to veronal-
buffered saline (10 wl) (Sigma) and incubated in
the presence of 10 ul of 0.32 mmol/L chloramine-T
(Sigma) in water for 10 minutes at room tempera-
ture. At the end of the incubation period, methio-
nine (1 mmol/L; 10 wl; Sigma) was added to the
mixture to inactivate the remaining chloramine-T.
To form the modified C5b-like C5C6 complex
(C5C6*), purified C6 (20 mg) in 300 wl of serum-
free medium was incubated (24 hours at 37°C)
with the chloramine-T-treated C5. The functional
(lytic) and structural (reactivity with monoclonal
antibody directed against MAC neoantigen) integ-
rity of chloramine-T-generated MAC on HUVECs
was verified as previously described.®

Assembly of the Membrane Attack Complex

HUVECs were plated in 150 X 25 mm dishes 24
hours before use. Cells were then washed with se-
rum-free medium (see above), and the MAC was
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assembled for 30 minutes. Assembly of the MAC
was initiated by a 15-minute preincubation (37°C)
with the modified C5C6* activation product (5 ug/ml)
and C7 (10 ug/ml).2 Endothelial monolayers were
then washed with serum-free medium to remove ex-
cess C5C6* activation product and C7. Complement
components C8 (10 ug/ml) and C9 (10 ug/ml) were
then added to the monolayers and allowed to incu-
bate for an additional 30 minutes. Monolayers were
then washed with serum-free medium to remove ex-
cess noncomplexed complement components and
incubated with serum-free medium for the times in-
dicated. The total volume per dish was 10 mi. Where
indicated, individual complement components were
heat inactivated (100°C for 30 minutes) or polymyxin
B (5 to 50 ng/ml) was added to the medium.

Extraction of Cell Nuclei

Nuclear extraction was carried out as described pre-
viously.2%-%° Briefly, HUVECs (5 X 10° to 5 X 107
cells) were harvested by scraping and centrifuging
(200 X g for 5 minutes) in phosphate-buffered saline
(PBS; 4°C) containing a protease inhibitor cocktail
(10 wmol/L aprotinin, 1 wmol/L leupeptin, 1 wmol/L
bestatin, 0.5 mmol/L phenylmethylsulfony! fluoride
(PMSF); Sigma). Cells were prewashed in PBS (4°C;
2 ml) and pelleted (200 X g for 5 minutes at 4°C). The
supernatant was removed and the pellet was
washed twice with 2 ml of ice-cold buffer A (10
mmol/L HEPES, pH 7.9, 1.5 mmol/L MgCl,, 10
mmol/L KCI, 0.5 mmol/L dithiothreitol (DTT), and 0.5
mmol/L PMSF) and centrifuged as described above.
The supernatant was aspirated and the pellet resus-
pended in 80 ul of buffer A plus 0.1% Nonidet P-40.
The resulting suspension was then transferred to a
1.7-ml Eppendorf tube and incubated on ice for 5
minutes, followed by centrifugation at 450 X g for 12
minutes at 4°C. The crude nuclear pellet was resus-
pended in 60 ul of buffer C (20 mmol/L HEPES, pH
7.9, 0.42 mol/L NaCl, 1.5 mmol/L MgCl,, 0.2 mmol/L
EDTA, 0.5 mmol/L DTT; 0.5 mmol/L PMSF, 25% glyc-
erol (v/v)) and incubated on ice for 15 minutes. Nu-
clei were sonicated twice at 15% power output (10
seconds) and microcentrifuged at 14,000 rpm for 2
minutes. The nuclear fraction was again centrifuged
at 14,000 rpm for 12 minutes (4°C) to collect the
supernatant containing the nuclear protein extracts.
These extracts were subsequently diluted with 60 ul
of modified buffer D (20 mmol/L HEPES, pH 7.9, 0.05
mol/L KCI, 0.2 mmol/L EDTA, 0.5 mmol/L DTT, 0.5
mmol/L PMSF). Protein concentrations were deter-
mined by Folin’s assay with bovine serum albumin
(BSA) as a standard (Sigma).
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Electrophoretic Mobility Shift and Supershift
Assays

Electrophoretic mobility shift assays (EMSA) were
carried out using a gel shift assay system kit (catalog
item E-3050, Promega Corp., Madison, WI1).®' Dou-
ble-stranded NF-«B consensus oligonucleotide
probe (5'-AGTTGAGGGGACTTTCCCAGGC-3') was
end-labeled with [*?P]JATP (3000 Ci/mmol at 10 mCi/
ml; Amersham Life Science, Arlington Heights, IL).
After T4 kinase end-labeling, oligonucleotide (35
fmol; ~1 X 10° dpm) probe and nuclear protein (5
1g) were incubated for 30 minutes at room temper-
ature in binding buffer (50 mmol/L Tris/HCI, pH 7.5,
250 mmol/L NaCl, 2.5 mmol/L DTT, 20% glycerol
(v/v)), and 0.5 ug of poly dl.dC (Pharmacia, Piscat-
away, NJ). The reaction volumes were held constant
at 10 wl. Where indicated, unlabeled competitive
oligonucleotide (NF-«B) or irrelevant oligonucleotide
(AP1) was added 10 minutes before the addition of
radiolabeled probe.®' Samples were run on a non-
denaturing 4% polyacrylamide electrophoretic gel in
0.25X TBE buffer (10 mmol/L Tris/HCI, pH 8.0, 1
mmol/L EDTA) at 100 mV/15 mA for 4 hours. Gels
were vacuum dried and visualized by Kodak
X-OMAT film exposure to the gel at —70°C for 1 hour.
For supershift assays, the reaction mixture was incu-
bated with anti-p65 antibody (Santa Cruz Biotech-
nology; sc-372) for 20 minutes at room temperature.
The oligonucleotide probe was added and the incu-
bation carried out as described above.

Western Blot Analysis

Nuclear and cytosolic extracts from stimulated
HUVECs were subjected to electrophoresis on
10% sodium dodecyl sulfate (SDS)-polyacryl-
amide gels and transferred to nitrocellulose in 25
mmol/L Tris, 192 mmol/L glycine, 5% methanol at
100 V for 1.5 hours at 4°C as described previous-
ly.®2 Blots were analyzed for the p65 NF-xB sub-
unit using primary antibody (Santa Cruz Biotech-
nology) at a 1:1000 dilution. After incubation with
the primary antibody, blots were washed and in-
cubated with a 1:500 dilution of peroxidase-conju-
gated goat anti-rabbit secondary antibody (Bio-
Rad, Hercules, CA). Western blot detection was
achieved using a colorimetric detection system
(Bio-Rad).

Immunocytochemical Staining

Immunocytochemical analysis was carried out to as-
sess subcellular NF-kB p65 subunit localization in

HUVECSs activated with MAC.3" HUVECs were grown
for 24 hours in eight-well microchamber slides
(Nunc, Naperville, IL). After assembly of the MAC,
monolayers were fixed with 4% paraformaldehyde in
PBS for 20 minutes at room temperature and then for
6 minutes with methanol at —20°C. Rabbit polyclonal
antibody to the p65 subunit of NF-kB (Santa Cruz
Biotechnology) was layered onto slides for 1 hour at
room temperature and then incubated with a biotiny-
lated goat anti-rabbit secondary antibody (1:1000
dilution; Vector Laboratories, Burlingame, CA). De-
tection of the primary antibody was accomplished
using a Vectastain ABC kit (Vector Laboratories) with
3-amino-9-ethyl-carbazole as the substrate. Controls
included chambers in which the primary antibody
was omitted and chambers in which nonspecific rab-
bit immunoglobulin was substituted for the anti-p65
antibody. To rule out the possibility that sublytic con-
centrations of MAC induce artifactual association of
cytosolic NF-xB with nuclear extracts, we examined
the localization of an irrelevant cytosolic protein, lac-
tate dehydrogenase (LDH), in HUVECs exposed to
MAC. These studies were conducted as described
above but employed a monoclonal antibody directed
against LDH (Accurate Chemical and Scientific
Corp., Westbury, NY).

Effects of PDTC and SN50 on MAC-
Mediated MCP-1 and IL-8 Secretion

Chemokine-specific enzyme-linked immunosorbent
assay (ELISA) analyses were used to quantify IL-8
and MCP-1 in conditioned media after stimulation by
the MAC in the presence or absence of either PDTC
or SN50 at the indicated concentrations. The sand-
wich ELISAs used in this study are modifications of
previously described methods that used goat poly-
clonal and mouse monoclonal antibodies directed
against each chemokine under investigation.® Micro-
titer plates (Nunc, Roskilde, Denmark) were coated
with either anti-IL-8 or MCP-1 polyclonal antibody in
coating buffer (0.05 mol/L H;BOg, 0.120 mol/L NaCl,
pH 8.6) overnight at 4°C (100 ul/well final volume).
The wells were washed three times with washing
buffer (PBS, 0.02% Tween-20) and incubated for 60
minutes at 37°C with washing buffer containing 2%
BSA. Samples of HUVEC culture supernatants (50
wl/well) were added to the wells and incubated for 90
minutes at 37°C. Standard curves for each chemo-
kine were prepared by diluting recombinant human
IL-8 or MCP-1 (Genzyme, Cambridge, MA) in wash-
ing buffer at concentrations ranging from 0.01 to
1000 ng/ml. After repeated washings, a mouse



monoclonal anti-human antibody (Genzyme) was
added to the wells and allowed to incubate at 37°C
for 60 minutes. The wells were washed and incu-
bated with a peroxidase-conjugated rabbit anti-
mouse IgG (1:1000 dilution; Dako Corp., Carpinteria,
CA) for 1 hour at room temperature followed by
addition of the chromogenic substrate (o-phenylene-
diamine hydrochloride) for 30 minutes. The reaction
was quenched with 3 mol/L H,SO,, and the optical
density was determined at 490 nm using an EL340
automated microplate reader (Bio-Tek Instruments,
Winooski, VT). The sensitivity limits for the ELISAs
were 0.01 ng/ml for IL-8 and 0.1 ng/m! for MCP-1.

Northern Hybridization Analysis of IL-8 and
MCP-1 mRNA after PDTC Pretreatment of
MAC-Stimulated Cells

Northern hybridization was performed as described
previously.® Briefly, RNA was isolated from HUVEC
monolayers stimulated with the MAC or MAC-stimu-
lated HUVECSs that had been pretreated with PDTC
(10 wmol/L, 2 hours). Monolayers stimulated with
LPS (10 ug/ml) were used as positive controls. Five
hours after assembly of the MAC, HUVECs were
prepared for Northern hybridization analysis. Total
RNA extraction was carried out using TRizol reagent
(Gibco, Gaithersburg, MD). After removing insoluble
debris by centrifugation, the RNA was precipitated
and washed with isopropy! alcohol and ethanol. After
resuspension of the pellet, the RNA concentration of
a 1:250 dilution was determined by measuring ab-
sorbance at 260 nm.

Total RNA (12 ng) was electrophoretically sepa-
rated in 1% agarose, 2.2 mol/L formaldehyde dena-
turing gel, followed by capillary transfer to nylon
membrane (Zetabind, Cuno, Meridien, CT). The
membrane was dried for 2 hours in vacuo at 80°C,
prehybridized for 5 to 6 hours at 65°C in 10 ml of 7%
SDS, 0.5 mol/L NaH,PO, (pH 7.0), and 1 mmol/L
EDTA, and 1% BSA. Approximately 1 X 107 to 2 X
107 of %2P-labeled IL-8 or MCP-1 probe (see below)
or B-actin cDNA (gift of Paul Killen, University of
Michigan Medical School) was mixed with 300 w! of
a 10 mg/ml solution of salmon sperm DNA (0.1
mg/m final), boiled for 10 minutes, and placed on ice
before adding to the hybridization bag. The mem-
branes were hybridized overnight at 65°C, after
which they were washed once at room temperature,
twice at 65°C (10 minutes each wash) in 5% SDS, 10
mmol/L NaH,PO, (pH 7.0), 1 mmol/L EDTA, 0.5%
BSA, and then twice in 1% SDS, 10 mmol/L
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Figure 1. Inbibition of MAC-mediated IL-8 and MCP-1 secretion from
HUVECs after pretreatment with PDTC (10 pmol/L for 2 bours). HU-
VECs were exposed to MAC for 30 minutes and washed, with medium
then collected at 24 bours. These data represent the mean * SEM from
one experiment (of two) performed in quadruplicate. *P < 0.05 versus
response of HUVECs exposed to MAC alone (one-way ANOVA).

NaH,PO,, 1 mmol/L EDTA at 65°C. The membranes
were then exposed to XAR-5 film (Kodak) at —70°C.

The sequence of the IL-8 cDNA probe was 5'-GTT-
GGC-GCA-GTG-TGG-TCC-ACT-CTC-AAT-CAC-3'. The
probe sequence for the MCP-1 was 5'-TTG-GGT-TTG-
CTT-GTC-CAG-GTG-GTC-CAT-GGA-3'. To confirm
equal loading of the RNA, the amount of total RNA per
lane was assessed by monitoring the amount of B-actin
mRNA.

Results

PDTC Pretreatment of MAC-Stimulated
HUVEC:s Inhibits IL-8 and MCP-1 Secretion

We have previously observed that sublytic concen-
trations of MAC can induce IL-8 and MCP-1 secre-
tion by HUVECs.® Conditioned medium from PDTC-
treated HUVECs bearing sublytic concentrations of
MAC were examined by ELISA 24 hours after MAC
deposition (Figure 1). Assembly of MAC on HUVECs
resulted in IL-8 and MCP-1 secretion substantially
above that observed in unstimulated cells. Pretreat-
ment of HUVECs with PDTC (10 umol/L for 2 hours)
inhibited the MAC-induced secretion of both IL-8
and MCP-1. Given the inhibitory effect of PDTC in
NF-«kB-mediated cell activation,3® these data sug-
gest that the MAC-induced increase in IL-8 and
MCP-1 requires functional NF-«B.

PDTC Pretreatment of HUVECs Inhibits
MAC-Mediated Increases in IL-8 and MCP-
1 mRNA

RNA was isolated from unstimulated HUVEC mono-
layers, monolayers stimulated with the MAC, and
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Figure 2. Northern blot analysis of IL-8 and MCP-1 mRNA after stim-
ulation of HUVECs by MAC. Cells were pretreated for 2 bours with
either PDTC (10 wmol/L) or vebicle. Total cellular mRNA was isolated
5 hours after stimulation. Lanes 1 to 4, unstimulated control cells,
LPS-stimulated cells, cells stimulated with MAC, and cells pretreated
with PDTC before MAC deposition, respectively. Equal loading of RNA
was confirmed as assessed by densitometric comparisons of B-actin
mRNA. There was less than 11% lane-to-lane variation in RNA loading
in the depicted experimental result (data not shown). The depicted
data represent a single, representative blot from three experiments.

monolayers incubated with with PDTC (10 wmol/L/ml,
2 hours) before MAC deposition. Monolayers stimu-
lated with LPS (10 wg/ml) were used as a positive
control. As illustrated in Figure 2, low concentrations
of IL-8 and MCP-1 mRNA were detected in unstimu-
lated monolayers. Marked increases in IL-8 and
MCP-1 mRNA were observed in monolayers stimu-
lated by the MAC as compared with the amounts
observed in HUVEC monolayers pretreated with
PDTC. These results indicate that MAC-mediated
increases in IL-8 and MCP-1 mRNA are inhibited by
PDTC and, in conjunction with the data above, sug-
gest a potential role for NF-«B (see below).

Temporal Analysis of MAC-Mediated NF-«kB
Translocation in HUVECs

To directly determine whether MAC can induce cy-
tosolic to nuclear translocation of NF-kB and to as-
certain the temporal characteristics of MAC-induced
NF-«B translocation, EMSA analysis was carried out
using nuclear extracts from HUVECs exposed to
sublytic concentrations of MAC for varied lengths of
time (Figure 3). No nuclear NF-«kB activity was noted
20 minutes after MAC deposition (lane 2). However,

| COLD
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Figure 3. Temporal characteristics of MAC-mediated cytosolic to nu-
clear NF«B translocation. HUVECs were exposed to functionally in-
tact, sublytic concentrations of MAC (see Materials and Methods) for O,
20, 60. and 120 minutes as indicated (lanes 1 to 4). Preparations
shoun in lanes 5 to 7 were from HUVECs exposed to MAC for 120
minutes. NF-xB consensus oligonucleotide probe (35 fmol: ~1 X 10°
dpm) and nuclear protein (5 ug) were incubated for 30 minutes in
binding buffer. Where indicated, unlabeled competitive oligonucleo-
tide (NF-kB) or irrelevant oligonucleotide (AP-1) was added 10 min-
utes before the addition of radiolabeled probe (lanes 5 and 6). Samples
were run on a nondenaturing 4% polyacrylamide gel. No nuclear
NF-kB activity was noted at 0 or 20 minutes after MAC formation
(lanes 1 and 2). Assembly of the intact MAC was associated with a
gradual increase in nuclear NF-kB activity beginning within 60 min-
utes (lane 3) after activation of endothelial cells. Maximal NF-«xB
activity was observed at 2 bours (lane 4). NF-kB activity was not found
in samples incubated with 100-fold excess of unlabeled probe (lane 5)
whereas the presence of the irrelevant oligonucleotide AP-1 probe did
not affect NF-kB detection (lane 6). Supershift assays were conducted
in the presence of anti-p65 antibody, which induced a shift in the
band for NF-xB (lane 7). The depicted results represent one of three
separate experiments.

deposition of the intact MAC was associated with a
gradual increase in nuclear NF-«B activity beginning
within 60 minutes after activation of endothelial cells
(lane 3). Maximal nuclear NF-«B activity was ob-
served at 2 hours (lane 4). Incubation of samples
with 100-fold excess of unlabeled probe inhibited
detection of NF-«kB (lane 5) whereas the presence of
the irrelevant probe (AP-1) did not alter NF-«B de-
tection (lane 6). Samples preincubated with anti-p65
antibody induced a supershift in the NF-«B band
(lane 7). These data indicate that assembly of sub-
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Figure 4. Immunoblot analysis of MAC-induced cytosolic (C) to nu-
clear (N) translocation of NF-xB pG5 unit. Endothelial cells were
stimulated with intact MAC for 30 minutes and allowed to incubate for
2 hours at 37°C. NF-kB translocation was visualized by addition of a
polyclonal antibody to the p65 subunit followed by a biotin-labeled
secondary antibody. Deposition of intact MAC on HUVECS resulted in
an increase in nuclear p65 and a corresponding decrease of the
protein in the cytosolic fraction. Prevention of MAC formation through
omission of C7 resulted in failure of cytosolic to nuclear translocation
of NF-kB p65. LPS-stimulated (10 pg/ml) cells revealed pronounced
cytosolic to nuclear translocation of NF-kB pG65. The depicted results
represent one of four separate experiments.

lytic concentrations of the MAC on HUVECSs results in
the rapid translocation (1 hour) of NF-«B to cell nu-
clei. The requirement for intact MAC in NF-«B trans-
location is addressed below.

Western Blot Analysis of p65 Translocation

Immunoblot analysis of nuclear and cytosolic ex-
tracts from unstimulated HUVECs revealed the pres-
ence of the NF-kB p65 subunit in the cytosolic frac-
tion whereas little p65 was detected in the nuclear
fraction (Figure 4). Assembly of the intact MAC on
HUVECs resulted in a marked increase in nuclear
p65 and a corresponding decrease in cytosolic p65.
These data are indicative of p65 translocation. It
should be noted that the translocation of p65 to the
nucleus did not entirely deplete the cytosolic p65
pool. Identical treatment of HUVECs with MAC com-
ponents devoid of C7 resulted in failure of cytosolic
to nuclear p65 translocation. As expected, cytosolic
and nuclear fractions derived from LPS-stimulated
(10 ng/ml) cells, used as a positive control, revealed
pronounced cytosolic to nuclear translocation of
p65.

Intact MAC Is Required for NF-kB DNA
Binding

EMSA analysis of nuclear extracts derived from
HUVECs stimulated with either intact (functional)
MAC or identical concentrations of MAC compo-
nents devoid of either C7 or C9 (ie, nonfunctional)
is shown in Figure 5. Assembly of intact MAC (lane
3) promoted a marked shift in the binding of the
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Figure 5. EMSA analysis of nuclear extracts derived from HUVECs
activated with the intact MAC or MAC components in the absence of
either C7 or C9. Unstimulated cells are noted in lane 1. The presence
of intact MAC (lane 3) promoted increased band shift of the NF-kB
oligonucleotide fragment as compared with that noted for cells stimu-
lated with MAC components in the absence of C9(lane 5). Omission of
C7 from the MAC (lane 4) abrogated the band shift. Stimulation of
HUVECS for 1 bour with LPS (10 pg/ml) was used as a positive control
(lane 2). These results are representative of three separate experiments.

NF-«B oligonucleotide fragment band, similar to
that observed in cells incubated with equivalent
MAC components but no C9 (lane 5). Exclusion of
C7 from the MAC (lane 4) resulted in a markedly
reduced band shift as compared with that seen in
HUVECs exposed to the complete MAC or C5b-8
(MAC components without C9). Stimulation of HU-
VECs with media alone or 1 hour with LPS (10
ng/ml) were used as negative and positive con-
trols, respectively (lanes 1 and 2). These results
suggest that intact MAC is required for maximal
NF-«B DNA binding and that C5b-8 may also in-
duce NF-«B DNA binding.
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Figure 6. Immunocytochemical analysis of MAC-induced translocation of NF-kB p65 from cytosol to nucieus. A: In unstimulated HUVECs, the pGS
subunit was localized primarily in the cytoplasm. B: In contrast, deposition of intact MAC induced a marked increase in nuclear staining and a
corresponding loss of cytoplasmic NF-xB p65 staining). C: Nuclear staining was not observed in cells incubated with MAC components in the absence
of C7. D: LPS-stimulated cells ( 10 ng/ml) were used as a positive control for NF-xB translocation.

Immunocytochemical Evidence that the
Intact MAC Specifically Induces
Translocation of NF-«kB p65 from Cytosol to
Nucleus

Immunocytochemical analysis of MAC-induced
cytoplasmic to nuclear translocation of NF-«B p65
is depicted in Figure 6. Consistent with the results
derived from Western blot and EMSA analysis, p65
is detected primarily in the cytoplasm of unstimu-
lated cells (Figure 6A). Little nuclear staining is
observed (Figure 6A). In contrast, assembly of
intact MAC induced a marked increase in the
amount of nuclear staining and a corresponding

decrease in cytoplasmic staining (Figure 6B).
These data confirm the ability of the MAC to pro-
mote NF-«kB translocation. Nuclear staining was
not observed in cells incubated with equivalent
concentrations of MAC components minus C7
(Figure 6C). LPS-stimulated cells (10 ug/ml) were
used as a positive control for NF-«B translocation
(Figure 6D). These results confirm that deposition
of intact MAC results in translocation of NF-«B from
the cytosol to the nucleus of HUVECs. Assembly of
MAC on HUVECs did not induce a cytosolic to
nuclear shift in LDH (Figure 7), suggesting that
MAC-induced NF-«B translocation is specific and
not an artifactual phenomenon (eg, osmotic effect).
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Figure 7. Immunocytochemical analysis of the cytosolic protein LDH after MAC deposition. LDH is localized to the cytoplasm in unstimulated cells
(A) and MAC-stimulated cells (B). Nuclear localization of LDH was not observed in either of the treatment groups.

MAC-Stimulated HUVECs Produce IL-8 and
MCP-1 via NF-kB: SN50 and LPS
Specificity Studies

Because of recent reports that suggest that PDTC
may interrupt NF-«kB activation/translocation through
prevention of inducible phosphorylation of |kB-a (as
a kinase inhibitor),2°2" we used SN50%? to more
specifically address the role of NF-«kB in MAC-in-
duced HUVEC activation. In addition, studies using
heat-inactivated complement components (C5-C9),
MAC devoid of either C7 or C8, and intact MAC in the
presence of polymyxin B were carried to address the
potential role of endotoxin contamination in endothe-
lial cell activation. As shown in Figure 8, preincuba-
tion of HUVECs with SN50 resulted in concentration-
dependent reductions in both IL-8 and MCP-1. Heat
inactivation of the complement components used to
form MAC (C5-C9) reduced IL-8 and MCP-1 pro-
duced by HUVECs to concentrations produced by
unstimulated cells.

Addition of polymyxin B to HUVECs exposed to
MAC did not reduce IL-8 or MCP-1 production (com-
pared with that observed in media from HUVECs
exposed to MAC in the absence of polymyxin B). The
inhibitory effect of SN50 on MAC-induced IL-8 and
MCP-1 production, in conjunction with the EMSA,
immunocytochemical, and Western blot data pre-
sented in the preceding sections, strongly support
the conclusion that sublytic concentrations of MAC
induce HUVECs through NF-«B-dependent mecha-
nisms. The failure of heat-inactivated MAC compo-
nents and MAC devoid of C7 or C8 to trigger IL-8
and MCP-1 production argue against LPS contami-
nation of MAC as the explanation for these findings.
The latter conclusion is further supported by the lack
of effect of polymyxin B on MAC-induced IL-8 and
MCP-1 production by HUVECs. It should be noted

that direct measurements of endotoxin in C5-C9 and
medium alone, at the dilutions used in these studies,
were all less than or equal to 0.027 EU/ml.

Discussion

Assembly of sublytic concentrations of intact MAC
can modulate cell function in a variety of ways. For
example, Hattori et al®*3® reported that activation of
complement in close proximity to the surface of en-
dothelial cell monolayers results in the rapid up-
regulation of P-selectin. The MAC has been ob-
served to interact in a synergistic fashion with TNF-a
to promote increased neutrophil adhesion to endo-
thelial cells through the up-regulation of E-selectin
and ICAM-1.28 Deposition of the MAC on endothelial
cells is also associated with the up-regulation and
secretion of soluble proinflammatory mediators.
Schonermark et al® and Lovett et al® reported that
the MAC promotes the secretion of TNF-a and IL-18,
respectively. We recently reported that assembly of
intact MAC on endothelial cells is associated with the
up-regulation and secretion of the chemotactic cyto-
kines IL-8 and MCP-1.8 However, the mechanisms
by which assembly of the MAC promotes increased
expression of selectins, ICAM-1 and various soluble
proinflammatory mediators have yet to be fully elu-
cidated.

A large body of evidence suggests that the ex-
pression of various cytokines and leukocyte adhe-
sion molecules is regulated through several signal
transduction pathways including activation of protein
kinase C (PKC), cholera-toxin-sensitive G-proteins,
and the generation of oxygen-derived metabolites.'?
The MAC has been reported to interact directly and
indirectly with a number of these second messenger
pathways. For example, complete (C5b-9) or partial
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Figure 8. IL-8 and MCP-1 secretion from HUVECs incubated with
either MAC, MAC devoid of C7 or C8, beat-inactivated MAC (100°C for
30 minutes), SN50 (added 15 minutes before MAC assembly), or
polymyxin B. HUVECs were exposed to MAC (or indicated treatment)
Jfor 30 minutes and washed, with medium then collected at 24 bours.
These data represent the means * SEM from one experiment (of two)
performed in quadruplicate.

(C5b-8) formation of the MAC is associated with
increased intracellular levels of sn-1,2-diacylglycerol
and activation of a variety of protein kinases includ-
ing PKC and protein kinase A.""'2 Niculescu et al'®
have observed that the MAC may interact directly
with pertussis-toxin-sensitive guanine nucleotide
binding proteins (G-proteins) in a receptor-indepen-
dent manner. Although not a specific signal trans-
duction pathway, oxygen-derived metabolites are
generated after MAC deposition.3® Activation of
these second messenger systems may afford an
explanation as to the capacity of the MAC to promote
nuclear translocation of NF-«B. The signal transduc-
tion pathways that interact with the MAC, including
activation of G-proteins and PKC, share in the ability
to mediate the activation of NF-«B.37-38 |nteraction of
the MAC with multiple signal transduction pathways
that correlate with those that affect NF-«B suggests a
possible link between MAC formation and the sub-
sequent up-regulation of proinflammatory mediators
via NF-kB. Although the expression of IL-8 and
MCP-1 may be mediated via activation of signal
transduction pathways, the possibility remains that

the expression of these mediators is a direct conse-
quence of insertion of the C5b-9 pore complex into
the cell membrane. Acosta et al®® have recently re-
ported that the MAC pore allows for the release of the
proinflammatory mediators IL-1 and basic fibroblast
growth factor that may, in an autocrine or paracrine
fashion, form a positive feedback system to promote
further endothelial cell activation.

In the present study, using EMSA, Western blot
analysis, and immunocytochemical analysis, we ob-
served that assembly of intact MAC on HUVECs
results in the translocation of NF-kB p65 from the
cytosol to the nucleus. Initial NF-«B translocation
was noted 60 minutes after MAC deposition with the
maximal degree of NF-«B activity noted at 120 min-
utes. In addition, we observed that the maximal
MAC-induced nuclear translocation requires the
presence of all of the proteins that constitute MAC
(C5-C9) or at least C5b through C8. This conclusion
is based on the observation that MAC proteins de-
void of C7, but not C9, do not promote translocation
of the heterodimers to the nucleus to the degree
observed after assembly of intact MAC. To confirm
that the translocation of NF-«kB to the nucleus is
specific and not a random or artifactual event, the
intracellular localization of the cytosolic protein LDH
was determined by immunocytochemistry. LDH is a
cytosolic protein that is not associated with nuclear
translocation. In the present study, LDH was not
detected in association with nuclei after MAC depo-
sition, as determined by immunohistochemistry, in-
dicating that the MAC does not promote the nonspe-
cific movement of cytosolic proteins (eg, LDH) from
the cytosolic compartment to the nuclear compart-
ment. These data suggest that the nuclear translo-
cation of p65 is a specific intracellular signaling
event and not simply due to MAC-mediated loss of
nuclear membrane integrity.

We previously reported that deposition of the MAC
on HUVECs promotes the expression of the chemo-
tactic cytokines IL-8 and MCP-1, both of which are
regulated by the NF-«B family of transcriptional reg-
ulators.®'%='7 To address a potential direct linkage
between MAC deposition and NF-kB activation, we
examined the effect of the NF-«B inhibitors PDTC
and SN50 on the production of MCP-1 and IL-8.
PDTC has been previously reported to selectively
inhibit NF-kB activity, presumably by functioning in
an antioxidant capacity.3® Pretreatment of HUVECs
with PDTC (10 umol/L for 2 hours) resulted in signif-
icant decreases in the concentration of both IL-8 and
MCP-1 as demonstrated by ELISA and Northern blot
analysis. More recent studies suggest that PDTC
may interrupt NF-kB activation/translocation by pre-



venting inducible phosphorylation of IkB-a.2223
Therefore, to more directly address the cause and
effect linkage between sublytic MAC assembly and
NF-kB activation/translocation, we employed SN50,
which specifically inhibits entry of NF-«kB into cell
nuclei®*. The failure of heat-inactivated MAC pro-
teins, in aggregate, and MAC devoid of C7 or C8, in
conjunction with the lack of effect of polymyxin B on
MAC-induced IL-8 and MCP-1 production, argue
strongly against LPS contamination of MAC compo-
nents as an explanation for our conclusions.

In addition to defined interactions with second
messenger systems, it has also been reported that
the MAC can elicit the production of oxygen metab-
olites including O,~ and H,0,.3® Numerous studies
indicate that reactive oxygen intermediates influence
intracellular redox status, which in turn modulates
cell activation and proinflammatory cytokine gene
expression.®4° Studies that have addressed lym-
phocyte proliferation and activation of latent viral
genomes (eg, HIV-1-infected T lymphocytes) sug-
gest that intracellular redox potential is important in
the modulation of cell activation.®'*2 Changes in
cytosolic redox potential have been paralleled by
changes in NF-«kB binding and correlate inversely
with intracellular thiol content. Increased intracellular
thiol content is thought to reflect increased intracel-
lular glutathione concentrations. Studies by Israel et
al*' and Staal et al*? suggest that cell activators
such as TNF-a and phorbol esters can efficiently
exert their effects only when target cells are in ap-
propriate redox status. This is converse to the inter-
pretation that TNF-a, phorbol ester, and other medi-
ators lead to NF-«kB activation through changes in
cellular redox status per se. In the case of some
inducers of cell activation (phorbol ester), NF-«B
appears to be activated via a PKC pathway, whereas
in the cases of other activators (eg, TNF-a and IL-
1B8), PKC is not involved.*® It appears from these
studies that an intracellular redox equilibrium tend-
ing toward oxidation is required for full activation of
transduction pathways regulating the activity of NF-
kB-dependent genes. Studies by Schreck et al®344
indicate that H,O,, and other reactive oxygen inter-
mediates that are produced in the microenvironment
of an inflammatory process, can induce the expres-
sion and replication of HIV-1 in human T-lymphocyte
cell lines. Again, this effect is mediated by the NF-«xB
transcription factor and can be abrogated by either
noncytotoxic antioxidants such as N-acetyl cysteine
or compounds that block NF-kB activation in intact
cells (eg, dithiocarbamates and metal chelators
such as desferrioxime).334%
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The premise that cellular redox status and NF-«B
are potentially important in inflammation is further
supported by recent in vitro studies that indicate that
the expression of some inflammatory cytokines is
regulated by intracellular redox status and NF-
kB.46-48 Alterations in ambient oxygen tension affect
IL-1 production in mononuclear cells*® and IL-8 ex-
pression in endothelial cells.*® TNF-a production in
phorbol-ester-stimulated U937 cells can be partially
blocked by the antioxidant butylated hydroxyani-
sole.*” The ability of the MAC to promote the gener-
ation of reactive oxygen intermediates supports the
premise that the MAC may be an important mediator
of proinflammatory gene expression via NF-«B acti-
vation. Regulation of NF-«kB by the MAC affords a
potential mechanism by which complement-derived
products potentiate the inflammatory response. For
example, we have recently observed that MAC dep-
osition promotes the up-regulation and secretion of
IL-8 and MCP-1.8 Alterations in ambient oxygen ten-
sion affect IL-8 expression in endothelial cells, fibro-
blasts, pulmonary epithelial cells, and hepatocytes
after direct exposure of the cells to H,O,.48 Further-
more, in vitro studies employing isolated human mes-
angial cells have shown that either exogenous or
endogenous (intracellular) oxidants can induce
MCP-1 expression.*” The present study offers a po-
tential mechanism by which the up-regulation of
these chemokines may be influenced by the MAC.

The ability of the MAC to promote NF-«B translo-
cation represents a potential mechanism by which
the MAC participates in the induction and mainte-
nance of the inflammatory response. In that NF-«B is
involved in the regulation and expression of adhe-
sion molecules and cytokines, it is likely that this
regulatory mechanism is intimately involved in medi-
ating the secretion of these proinflammatory media-
tors after MAC deposition. Consequently, interac-
tions between the MAC and multiple signal
transduction pathways and regulators of gene ex-
pression may play an important role in amplification
and maintenance of the inflammatory response.
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